† Background and Aims Despite recent recognition that (1) plant -herbivore interactions during the establishment phase, (2) ontogenetic shifts in resource allocation and (3) herbivore response to plant volatile release are each pivotal to a comprehensive understanding of plant defence, no study has examined how herbivore olfactory response varies during seedling ontogeny. † Methods Using a Y-tube olfactometer we examined snail (Helix aspersa) olfactory response to pellets derived from macerated Plantago lanceolata plants harvested at 1, 2, 3, 4, 5, 6 and 8 weeks of age to test the hypothesis that olfactory selection of plants by a generalist herbivore varies with plant age. Plant volatiles were collected for 10 min using solid-phase microextraction technique on 1-and 8-week-old P. lanceolata pellets and analysed by gas chromatography coupled with a mass spectrometer. † Key Results Selection of P. lanceolata was strongly negatively correlated with increasing age; pellets derived from 1-week-old seedlings were three times more likely to be selected as those from 8-week-old plants.
INTRODUCTION
Susceptibility to herbivore attack varies markedly during the lifetime of an individual plant. During the early stages of establishment, seedlings are particularly vulnerable to herbivory and the loss of even relatively small amounts of tissue can prove fatal or at best impose a severe cost in terms of later competitive or reproductive fitness (Hanley and May, 2006; Hanley and Sykes, 2009) . As the plant ages, defensive capability generally increases (Goodger et al., 2004; Barton and Koricheva, 2010) although plants often switch resistance and tolerance mechanisms to match ontogenetic shifts in herbivore identity and preference Gruntman and Novoplansky, 2011) . Moreover, the impacts of herbivory on mature plants are often much reduced in comparison with those incurred during younger ontogenetic stages, due to a large extent on the increased ability of the plant to resist herbivory via the expression of chemical or physical defences (Boege and Marquis, 2005; Barton and Koricheva, 2010) .
The most distinct ontogenetic changes in constitutive plant defences are both expected (Boege and Marquis, 2005) and observed (Elger et al., 2009; Quintero and Bowers, 2012) to occur during the transition from seedling to juvenile stages. A general increase in allocation to plant defence with seedling age is also predicted by both the growth-differentiation balance hypothesis (Herms and Mattson, 1992) and the optimal defence theory (McKey, 1974) . More recently, however, Boege and Marquis (2005) suggested that due to resource allocation and structural constraints, cotyledon-stage seedlings should exhibit higher levels of chemical defences than older seedlings, before constitutive defence levels again increase as the plant passes from the seedling to prereproductive maturity. Given that the impact and fitness costs of herbivory also appear to be greater for younger seedlings (Hanley et al., 1995a; Hanley and Fegan, 2007) , there is good reason to expect that young seedlings should be better defended than their older conspecifics.
There have been remarkably few tests of changes in the expression of early plant chemical defence, however, and these studies describe conflicting trends. On the one hand, Elger et al. (2009) reported increased concentrations of various secondary metabolites with age in six European grassland forbs (see also Boege, 2005; Neilson et al., 2006) , Quintero and Bowers (2012) described positive, but non-linear ontogenetic increases in iridoid glycoside concentrations in Plantago lanceolata, while Wallace and Eigenbrode (2002) found the highest glucosinolate concentrations in the youngest Brassica juncea seedlings (see also Collantes et al., 1999) . This apparent inconsistency across the seedling phase is probably symptomatic of the wider variation in how different anti-herbivore resistance and tolerance traits are expressed by different plant species and growth forms throughout plant ontogeny (Barton and Koricheva, 2010; Orians et al., 2010) .
Unlike mature plants, where tissue loss can often be fully compensated (Strauss and Agrawal, 1999) , seedlings seldom have the opportunity to recover from herbivore attack. Seedlings are often completely defoliated by herbivores (Hulme, 1994; Hanley, 2004) and during early ontogeny lack the resources to re-grow after defoliation . Consequently, those plant species that possess constitutive defences during their establishment have a compelling reason to advertise the presence of their defences to would-be herbivores before the herbivores have the opportunity to inflict damage. One way of doing this is to synthesize and release olfactory signals immediately following herbivore attack or even before an attack has commenced.
The role of volatile compounds as olfactory signals of innate anti-herbivore deterrence is well established for mature plants Yuan et al., 2009; Dicke and Baldwin, 2010) . By far the most important groups of volatile organic compounds (VOCs) are terpenes and green leaf volatiles (Dicke and Baldwin, 2010) , and while used by some herbivores for plant host location, the most commonly reported response is release of VOCs following herbivore damage and subsequent avoidance of the same plant by other herbivores (Laothawornkitkul et al., 2008; Mooney et al., 2009; Unsicker et al., 2009 ). However, although there is evidence that invertebrate herbivores detect seedling volatiles and modify their feeding behaviour accordingly, these studies are limited to Carroll et al.'s (2006 Carroll et al.'s ( , 2008 work on armyworm response to two crop species (cowpea and maize seedlings) and a sole investigation of the olfactory selection of wildflower seedlings (Hanley et al., 2011) . In this latter study, the olfactory selection of macerated seedling material by the snail Helix aspersa was positively correlated with seedling acceptability of nine grassland plant species, i.e. seedlings of low gustatory acceptability appeared to signal the fact.
The theoretical arguments for, and observed trends in, ontogenetic variation in constitutive seedling defence (Boege and Marquis, 2005; Elger et al., 2009; Quintero and Bowers, 2012) , coupled with the likely importance of an ability to signal defensive capability before too much damage is inflicted (Hanley et al., 2011) , suggests that any herbivore response to seedling volatiles should vary with plant age. While a handful of studies have examined ontogenetic variation in VOC release in established plants (Shiojiri and Karban, 2006; Bracho-Nunez et al., 2011) , no study as yet has analysed ontogenetic variation in this relationship during the seedling stage. Using a plant species known to show considerable early ontogenetic changes in constitutive chemical defences, the aim of this study was to determine whether olfactory selection of food plants by a generalist herbivore varies according to the ontogenetic stage of the target species.
MATERIALS AND METHODS

Study species
Plantago lanceolata L. is a short-lived, perennial herb species native to grasslands and disturbed vegetation of Eurasia, but now globally widespread as an exotic weed ( Van der Aart and Vulto, 1992) . When compared with other species, P. lanceolata has low acceptability to seedling herbivores (Hulme, 1994; Hanley, 2004) , a pattern most likely due to the early ontogenetic development and expression of key constitutive chemical defences: phenolics and iridoid glycosides (Barton, 2007 (Barton, , 2008 Elger et al., 2009; Quintero and Bowers, 2012) .
Molluscs are the principal seedling herbivore in temperate ecosystems (Crawley, 1997) . Observation of snail (Helix aspersa) feeding on seedlings in experimental arenas suggests that some species are consistently avoided even before physical contact is made (M. E. Hanley, pers. observ.) and the slug, Deroceras reticulatum, is known to exhibit a strong neurophysiological response to plant volatiles (Birkett et al., 2004) . Here we used the snail H. aspersa because it is a generalist herbivore frequently employed in experiments comparing seedling acceptability (Hanley and Sykes, 2009; Hanley et al., 2011) . Three hundred H. aspersa were collected from around Plymouth, UK, retained in plastic containers kept in incubators (16 8C day/8 8C night temperature and 12-h day/ night light cycle) and fed on a mixed diet of lettuce and carrot. The snails were kept under this regime for 6 months before use in the olfactory trials. Four days prior to the start of olfactory trials, a selection of snails were moved to a separate container and starved.
Plant propagation and snail culture Plantago lanceolata and lettuce (Lactuca sativa L. 'Thom Thumb') seeds were obtained from a commercial supplier (Herbiseed Ltd, Twyford, UK). During May 2011, sequential sowings of P. lanceolata seeds were made into plastic seed trays (350 × 215 × 70 mm) filled with John Innes No. 2 potting compost maintained in a naturally lit greenhouse. Plant material from individual trays was harvested at 1, 2, 3, 4, 5, 6 and 8 weeks after germination by removing all aboveground material, before it was cleaned of adhering compost and macerated using a mortar and pestle. The macerated material was then divided into Eppendorf tubes, each containing 1 . 5 g of macerated plant material, which was then frozen for later use. A previous study comparing snail olfactory selection of frozen and fresh pellets showed no discrimination between treatments (Hanley et al., 2011) . Lettuce was harvested 3 weeks after germination and processed and stored as above.
Snail olfaction trials
Our method followed that used by Hanley et al. (2011) . A glass Y-tube olfactometer of internal diameter 55 mm, with stem and arms 80 mm long (Soham Scientific, Ely, UK), was used to observe snail olfactory response to macerated plant material. Each end of the Y-tube was connected to 10-litre plastic containers containing the test materials. Air flow-meters (Caché Instrumentation, Wakefield, UK) were fitted into holes drilled into each container and connected to an air pump. Airflow was set to 500 cm 3 min 21 and was sourced, unfiltered from the room which was a sealed, temperature-controlled laboratory to reduce confounding olfactory stimuli. Illumination was a single fluorescent striplight positioned directly above the experimental apparatus.
Pellets of plant material were randomly selected from the seven age treatments of the 'test' species (P. lanceolata), defrosted and placed in one of the plastic containers. A pellet of the 'control' (L. sativa) was placed in the other container to act as a standard against which selection of the 'test' pellet was compared. The 'test' and 'control' pellets were randomly assigned to either the right-or the left-hand container before each trial. For each test one snail was randomly selected from a pool of 20 starved individuals and introduced to the base of the Y-tube apparatus. Each snail was observed for a maximum of 10 min or until it contacted the end of a Y-tube arm. We noted the time taken for each snail to reach the split in the Y-tube ('Time to Choose'), the direction chosen on reaching the split ('Proportion of Choice') and the time taken to reach the end of the Y-tube arms ('Time to Sample'). Trials where snails made a choice within the specified time frame were conducted 15 times for each test age; trials where the subject snail failed to make a choice within 10 min were discarded. All equipment was thoroughly washed with distilled water between trials to remove mucus.
Volatile collection and analysis
One and 8-week-old P. lanceolata pellets (derived from plants cultivated in separate trays as above) were fully defrosted at room temperature and each pellet placed into a 4-mL screw-topped vial (Chromacol Ltd, London, UK) with a screw cap containing a red Teflon-coated silicon septum. VOCs were collected by introducing a solid-phase microextraction fibre (SPME, blue fibre 65 mm PDMS-DVB; Supelco, Bellefonte, PA, USA) through the septa into the vial. Volatiles were collected for 10 min and analysed immediately after the collection ceased. In total, the VOCs emitted by four 1 . 5-g standard mass pellets of each of the two plant age groups were analysed.
Samples were analysed by thermal desorption on an Agilent 6890 gas chromatograph coupled to a Hewlett-Packard 5972 Quadrupole Mass Selective Detector, which ionized by electron ionization. The carrier gas was helium (7 . 51 psi constant) and the injector was operated in a splitless mode. The capillary column was an HP-INNOWAX (30 m, 0 . 25 mm i.d., 0 . 25 mm film; Agilent Technologies, Palo Alto, CA, USA). Injection temperature was 250 8C and the oven temperature was held at 50 8C for 2 min, and then programmed at 5 8C min 21 to 70 8C, then at 10 8C min 21 to 240 8C. The mass spectrometer (250 8C) scanned from mass 350 to 40 at a rate of 2 . 43 times s 21 and data were captured and analysed by Enhanced Chemstation software (v. B.01 . 00; Agilent Technologies).
VOCs were initially tentatively identified by comparing spectra with those in Wiley 275 and NIST 98 analytical databases, and their peak areas recorded. Confirmation was achieved for a number of the VOCs by comparison of spectra and retention times with those of authenticated standards. For some of the compounds for which standards were unavailable, tentative identifications were determined from Kovat's indices and database matches. VOCs were included for further analysis only if they were found to occur in at least three of the four samples of one of the pellet ages.
Peak areas of VOCs identified in both 1-and 8-week-old samples were compared by a series of t-tests. Statistical analyses were conducted using SPSS v.19 (SPSS Inc. 2010).
RESULTS
When harvested at 1 week old, seedlings were at the cotyledon stage. The first true leaf appeared in 2-to 3-week-old seedlings, and by 4 weeks old plants had developed at least two true leaves and had probably achieved independence from their cotyledons to signal the end of the seedling phase . By 8 weeks old plants were sufficiently grown to be considered as mature, pre-reproductive plants.
Following arc-sine transformation of the 'Proportion of Choice' data, we found an extremely strong negative relationship (r 2 ¼ 0 . 925, F 1,5 ¼ 61 . 74, P , 0 . 0001) between snail preference and seedling age (Fig. 1) . Pellets derived from 1-week-old seedlings were almost three times more likely to be selected (eight of 15 trials, or 53 %) than pellets derived from 8-week-old material (three of 16 trials, or 19 %). However, when we compared mean 'Time to Choose' and 'Time to Sample' with seedling age, we found no relationships ('Time to Choose' r 2 ¼ 0 . 1,
In total, 23 compounds were identified from the P. lanceolata leaf pellets. There were both quantitative and qualitative differences in VOC emissions between the 1-and 8-week-old pellets. The major component of both VOC blends was (E)-2-hexenal (Supplementary Data Fig. S1 ), but the emission of this compound did not differ significantly between pellet ages. Quantitative differences occurred in ten of the compounds, at least half of which were leaf alcohols ( Table 1) . Eight of the compounds were emitted in significantly higher quantities from the 8-week-old plant pellets and two from the 1-week-old pellets. In addition, 1-week-old plants produced four compounds that were not produced by 8-week-old plants, including ethanol, ethyl acetate, acetic acid and one unidentified compound. In contrast, 8-week-old plants consistently produced two compounds not found in 1-week-old plants: one tentatively identified as (E)-2-hexen-1-ol acetate and the other unidentified.
DISCUSSION
The strong negative relationship between olfactory selection by snails and plant age corroborates a number of studies reporting increased concentrations of both phenolics and iridoid glycosides during early P. lanceolata ontogeny (Fuchs and Bowers, 2004; Barton, 2007; Elger et al., 2009; Quintero and Bowers, 2012) . Indeed, increased defensive capability through the seedling stage appears to be a general trend for a variety of taxonomically unrelated species (Boege, 2005; Neilson et al., 2006; Elger et al., 2009) , one of the main predictions of the growth-differentiation balance hypothesis (Herms and Mattson, 1992) and the optimal defence theory (McKey, 1974) . However, when taken in tandem with studies of ontogenetic shifts in plant chemistry in P. lanceolata, the fact that 1-week-old (cotyledon-stage) seedlings were selected by snails much more frequently than any other age group offers no support for Boege and Marquis' (2005) expectation that cotyledon-stage seedlings should exhibit higher levels of chemical defences than older seedlings. By comparison of the volatile profiles of 1-and 8-week-old P. lanceolata plants, we identified several compounds whose concentrations varied with plant age and which may influence snail foraging behaviour. The so-called common green leaf volatiles (GLVs) we detected [(Z)-2-hexenal and five aliphatic alcohols, 1-hexanol, (Z )-3-and (E)-2-hexen-1-ol, 3-octanol and 1-octen-3-ol] are commonly encountered following herbivore damage Furstenau et al., 2012) . As these GLVs were detected in older plants, they may act as antiherbivore deterrents in their own right and/or signal to potential herbivores that the plant contains one or more of a range of constitutive chemical defences identified in P. lanceolata (Barton, 2007; Elger et al., 2009; Quintero and Bowers, 2012) . Three other volatile compounds, ethanol, ethyl-acetate and acetic acid, were present in small amounts only in 1-week-old seedlings. Each is known to be attractive to insect herbivores (Giblin-Davis et al., 1996; Casana-Giner et al., 2001 ) and thus these compounds may have an important role in the olfactory detection of young P. lanceolata seedlings by snails.
Although the olfactory signalling of increased chemical defence seems the most plausible explanation for our results, we recognize that age-related changes in seedling selection by snails may be linked to the detection of attractant, rather than repellent, cues. Nonetheless, VOCs are most commonly associated with repellent or toxic chemicals and the range of volatiles described for P. lanceolata includes the deterrent GLV (Z )-3-hexenyl acetate and various terpenoids (Fontana et al., 2009) . What is unclear is whether age affects the plant's ability to synthesize VOCs or simply that VOCs are released as a consequence of the steady accumulation and mobilization of direct chemical defences as the plant grows older.
While the olfactory responses elicited in this experiment were based on cues emanating from macerated plants, postdamage volatile emission is common following herbivore attack. Volatiles released in this way are thought to have a number of functions including the signalling of a plant's direct defensive capabilities to the herbivore, attraction of natural enemies such as parasitoid wasps, and even the mobilization of chemical defences in neighbouring plants Dicke and Baldwin, 2010) . Any or all of these roles may be operating during the establishment phase. Seedlings seldom germinate in isolation and volatile release may be important in signalling the defensive capability of the cohort, or indeed inducing the synthesis of secondary metabolites in nearby (and presumably genetically related) seedlings; this phenomenon is well established for mature TABLE 1. Mean peak areas of ten (of a total of 23) volatile organic compounds identified by GC/MS from the headspace of P. lanceolata pellets derived from 1-or 8-week-old leaves found to differ significantly between these two age treatments (n ¼ 4); in addition, four compounds (ethanol, ethyl acetate, acetic acid and one unidentified compound) were present only in 1-week-old plants Mean peak area (+s.e.)
Compound 1-week-old P. lanceolata 8-week-old P. lanceolata t-test plants (Heil and Silva Bueno, 2007; Dicke and Baldwin, 2010) . It is possible that seedlings also signal their defensive capability before the herbivore makes contact. Observation of snail feeding behaviour in experimental arenas shows that snails have a remarkable ability to discriminate between seedlings of varying defensive capability even before gustatory contact is made (M. E. Hanley, pers. observ.). However, no study has yet quantified volatile release in intact seedlings, presumably due to the difficulty in entraining volatile samples from small samples. Moreover, while terrestrial molluscs are known to detect volatiles in established plants (Dodds et al., 1999; Birkett et al., 2004) , how VOCs influence mollusc olfaction and feeding behaviour remains poorly explored, especially at the critical seedling stage.
Seedling herbivory is a potent selective filter in natural ecosystems, with a remarkable influence over plant community composition and species coexistence (Hanley et al., 1995b; Howe et al., 2002; Asquith and Mejia-Chang, 2005; Hanley and Sykes, 2009 ). However, despite its importance in our understanding of plant community dynamics, the mechanisms underpinning seedling selection by herbivores such as snails are not readily apparent. The elucidation of terrestrial mollusc response to indirect (VOCs) as well as direct (constitutive and induced chemicals) defences could contribute greatly to our understanding of their role as selective agents in temperate grasslands and how this role varies with plant ontogeny. Moreover, terrestrial molluscs are one of the most important economic pests in arable cropping systems (Simms et al., 2006; Nash et al., 2007) and a better understanding of the processes that underpin mollusc olfaction and feeding behaviour may increase our ability to protect crops during the vulnerable establishment phase. This study highlights a previously unreported relationship between herbivore olfactory selection and early plant ontogeny, and signposts a need for ecologists to focus future research on the relationship between direct and indirect plant defences and herbivore feeding behaviour from the very youngest stages of plant life history.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob. oxfordjournals.org and consist of Figure S1 : representative GC/MS traces of volatile organic compounds released from 1-and 8-week old Plantago lanceolata pellets, collected on SPME fibres.
